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alanyldopamine are oxidized to quinones that undergo
When insects harden or sclerotize their exoskele- nucleophilic addition by amino acid side chains in cutic-

tons, quinones of N-acetylated catecholamines such as ular proteins (1–3). Covalent bonds that are formed
N-acetyldopamine (NADA) undergo nucleophilic addi- between the aromatic ring of NADA and cuticular pro-
tion reactions with amino acids such as histidine in tein amino acids, such as histidine and lysine, have
cuticular proteins. To determine the products that been detected in insect cuticle using solid-state double
might form when this type of reaction occurs during cross polarization 13C and 15N NMR (4). Cross-links
cuticle sclerotization, the reactions between electro- between the b-carbon (C7) in the side chain of dopa-
chemically prepared NADA quinone and N-acetylhisti- mine derivatives and histidine residues have been
dine (NAcH), a protein model nucleophile, have been found in cuticle by rotational echo double resonance
investigated at pH 7. Two major products, 6-[N-(N-ace- NMR (5). Catecholamine-containing proteins have
tylhistidyl)]-N-acetyldopamine and 2-[N-(N-acetylhis- been isolated from insect cuticle undergoing sclerotiza-
tidyl)]-N-acetyldopamine, were purified by semiprep- tion (6). Cuticle-catalyzed coupling between NADA andarative reversed-phase liquid chromatography and

N-acetylhistidine (NAcH) has been studied in vitro, andidentified by mass spectrometry and nuclear magnetic
both b- and ring C6-addition adducts have been de-resonance spectroscopy. The relative molar ratio of
tected (2).the C(6) mono-addition adduct to the C(2) mono-addi-

The goal of this study was to determine the initialtion adduct is 87:13. UV/vis spectroscopic analysis
steps of the oxidation reaction pathway of NADA whenshows that both products have an absorption maxi-
a nucleophile is present in excess. To mimic the cuticle-mum at 284 nm. Cyclic voltammetry shows that these
catalyzed reactions, we investigated a model systemadducts are oxidized less readily than NADA. q 1996

for cuticle sclerotization in which electrochemicallyAcademic Press, Inc.

prepared NADA quinone was reacted with a typicalKey Words: quinone; catecholamine; cuticle; histi-
protein nucleophile, NAcH. Reactions were studied us-dine; protein; sclerotization; adduct; oxidation; addi-

tion. ing reversed-phase liquid chromatography (LC), cyclic
voltammetry (CV), and UV/vis spectroscopy. The two
major products, 6-[N-(N-acetylhistidyl)]-N-acetyldo-

N-Acylcatecholamines are important catecholamine pamine and 2-[N-(N-acetylhistidyl)]-N-acetyldopam-
metabolites used by insects to sclerotize or harden their ine, were characterized by fast atom bombardment
exoskeletons. N-Acetyldopamine (NADA)3 and N-b- mass spectroscopy (FAB-MS), NMR spectroscopy, CV,

and UV/vis spectroscopy.
1 To whom correspondence should be addressed. Fax: (913) 537-

5584. E-mail: kramer@crunch.usgmrl.ksu.edu.
2 The Agricultural Research Service, USDA is an equal opportu- teine; LC, liquid chromatography; FAB-MS, fast atom bombardment

mass spectrometry; NMR, nuclear magnetic resonance spectroscopy;nity/affirmative action employer and all agency services are available
without discrimination. CV, cyclic voltammetry; EC, electrochemical; DEPT, distortionless

enhancement by polarization transfer; COSY-LR, long range corre-3 Abbreviations used: DA, dopamine; NADA, N-acetyldopamine;
NAcH, N-acetylhistidine; NAcH-NADA-I, 6-NAcH-NADA, 6-[N-(N- lated spectroscopy; TOCSY, total correlation spectroscopy; HMQC,

heteronuclear multiple quantum coherence; HMBC, heteronuclearacetylhistidyl)]-N-acetyldopamine; NAcH-NADA-II, 2-NAcH-NADA,
2-[N-(N-acetylhistidyl)]-N-acetyldopamine; NACySH, N-acetylcys- multiple-bond correlation.
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57REACTIONS OF DOPAMINE QUINONE WITH N-ACETYLHISTIDINE

chemically oxidizable species and reducible species in the LC effluentMATERIALS AND METHODS
could be detected simultaneously. Two chromatograms were recorded

Chemicals. The following chemicals were obtained from commer- from the electrochemical (EC) detector and are referred to as LC-EC
cial sources and used as received: NADA and NAcH (Sigma Chemical (oxidation) and LC-EC (reduction) chromatograms. Since the sensi-
Co., St. Louis, MO)4; formic acid, ammonium formate, and disodium tivity of electrochemical detection is much higher than that of UV/
ethylenediaminetetraacetate (EDTA) (Fisher Scientific Co., Pitts- vis detection, a splitter was used between the quartz flow cell and
burgh, PA); methanol (UV cutoff: 204 nm) (Baxter Healthcare Corpo- the electrochemical flow cell in order to obtain both discernible UV
ration, Burdick & Jackson Division, Muskegon, MI); KCl (Mallinck- spectra and within-scale electrochemical current responses for the
rodt Specialty Chemicals, Chesterfield, MO); and HCl (J. T. Baker same run. Approximately one-thirtieth of the effluent from the quartz
Chemical Co., Phillipsburg, NJ). flow cell flowed into the electrochemical flow cell.

The reactions of NADA quinone with NAcH at different molarSmall-scale electrochemical preparation of NADA quinone. Small-
ratios and at pH 7.0 were followed by recording UV/vis spectra in ascale preparation of NADA quinone was performed by electrolysis of
1.0-cm quartz cell with the HP 8452A diode array spectrophotometer.0.5 ml NADA in 0.01 M HCl and 0.09 M KCl (pH 2.0). A custom-made
Once electrolysis of 0.5, 1.0, 2.0, or 3.0 mM NADA was complete,coulometric microcell with a platinum gauze working electrode, a Ag/
0.195 ml of NADA quinone was mixed with 0.455 ml NAcH in theAgCl (saturated KCl) reference electrode and a platinum auxiliary elec-
quartz cell at 257C. Spectral measurement was initiated 15 s aftertrode was used. The design of the cell and the electrolysis procedure
mixing and performed for 10 min at 15-s intervals. Reaction rateshave been described in a previous paper (7). The potential for coulomet-
were estimated from the decrease of absorption at 396 nm, which isric oxidation of NADA was controlled at 700 mV. Electrolyses for 2.5,
the lmax of NADA quinone. Regression analyses of log(absorbance3.0, 3.5, and 4.0 min were sufficient for greater than 99% oxidation of
at 396 nm) vs time were performed to obtain the rate constants.0.5, 1.0, 2.0, and 3.0 mM solutions of NADA, respectively. In order to
Subtraction of the absorbance at 700 nm from the absorbance at 396perform the kinetic studies at pH 7.0, NADA quinone that is generated
nm was used to correct for any instrument drift from one spectrumat pH 2.0 must be stable so that the kinetic reaction starts only at the
to the next. There was no absorption in the wavelength range fromtime of mixing NADA quinone with nucleophile solution in the pH 7.0
700 to 800 nm.buffer (see next section). This was demonstrated in a separate experi-

CV of 0.3 mM NADA in the presence of 0.4 M NAcH at pH 7.0 wasment, where it was observed that the decrease in absorbance at 396
performed using a Bioanalytical Systems BAS-100W electrochemicalnm, which is the absorption maximum of NADA quinone, was less than
system. A BAS glassy carbon electrode with an area of 7.1 mm2 was0.75% over a 3 min period.
used as the working electrode. The reference and auxiliary electrodesAnalytical LC, UV/vis, and electrochemical studies of the reactions
were a Ag/AgCl (saturated KCl) electrode and a platinum wire elec-of NADA quinone with NAcH. To study compositions of a reaction
trode, respectively. A small electrochemical cell with a capacity of 1mixture resulting from mixing NADA quinone and NAcH in a 1:100
ml was used. The scan rates varied from 50 to 200 mV/s.molar ratio, 90 ml of 1 mM NADA quinone were mixed with 225 ml

of 40 mM NAcH at pH 7.0. The pH of the mixture was 7.0. One Synthesis and purification of products from reactions of NADA
hundred microliters of the resulting solution were analyzed by LC quinone with NAcH. To synthesize relatively large amounts of prod-
at 307C. The LC system consisted of a Beckman (Berkeley, CA) model ucts from reactions of NADA quinone with NAcH, a custom-made
332 gradient liquid chromatography system equipped with two model flow-through coulometric cell designed for larger scale oxidations was
110A pumps and a model 420 controller, a Hewlett–Packard (Palo used (X. Huang et al., unpublished data). A solution of NADA in 0.01
Alto, CA) HP 8452A diode array spectrophotometer equipped with a M HCl and 0.09 M KCl was passed through the cell and oxidized.
1-cm quartz flow cell (Pyrocell Manufacturing Co., Inc., Westwood, The NADA quinone effluent was then added dropwise into a stirred
NJ), and a Bioanalytical Systems (West Lafayette, IN) LC-4B dual NAcH solution at pH 7.0. After the reaction mixture was lyophilized
amperometric detector connected to a Hewlett–Packard HPLC to reduce the volume, the resulting solution was subsequently fil-
ChemStation via a Hewlett–Packard 35900 multichannel interface. tered and subjected to semipreparative LC separation. The LC sys-
Separation was achieved on a Microsorb-MV C18 column (5 mm, 4.6 tem described above was used, but with the electrochemical detector
1 250 mm) (Rainin Instrument Co., Inc., Woburn, MA) with a binary disconnected. Separation was achieved on a Phenomenex (Torrance,
mobile phase system in which solvents A and B were used. Solvent CA) C18 semipreparative column (10 mm, 250 1 10 mm). The gradi-
A was 150 mM formic acid, 30 mM ammonium formate, and 0.1 mM ent employed was 0–25 min, 90% solvent A and 10% solvent B, and
EDTA (pH 3.0), and solvent B was 50% methanol, 180 mM formic 25–35 min, linear gradient from 10% solvent B to 80% solvent B.
acid, 8 mM ammonium formate, and 0.1 mM EDTA (pH 3.0). The The flow rate was 4 ml/min. Each product fraction was collected and
mobile phase gradient was 0–15 min, 80% solvent A and 20% solvent subjected to a desalting step using the semipreparative LC column.
B, and 15–30 min, linear gradient from 20% solvent B to 80% solvent After a product solution was injected onto the column, the salt compo-
B; the flow rate was at 1 ml/min. UV/vis spectra of the LC effluent nents were eluted using distilled water as the mobile phase. The
were recorded every 10 s for the duration of the experiment within product was subsequently eluted using 25% methanol and then ly-
the 220- to 550-nm wavelength range. Plots of absorbances at specific ophilized to dryness.
wavelengths, such as 280 nm, as a function of time are extracted Characterization of products. FAB-MS was performed on a Hew-
from these spectral data to give desired chromatograms. The dual lett–Packard HP 5989A MS Engine. The following NMR experi-
amperometric detector that was used for electrochemical detection ments were carried out either with a Varian (Palo Alto, CA) UNI-
of the LC effluent has a thin-layer electrochemical flow cell with two TYplus 400 MHz spectrometer at 277C or with a Varian UNITYplus
glassy carbon working electrodes, a Ag/AgCl (3 M KCl) reference 500 MHz spectrometer at 307C: proton, carbon-13, distortionless en-
electrode, and a stainless steel auxiliary electrode. The electrode hancement by polarization transfer (DEPT) (8), long range 1H-1H
potentials were 800 and 0100 mV. The former potential is sufficient correlated spectroscopy (COSY-LR) (9), total correlation spectroscopy
to oxidize NADA and the products formed from the reaction of NADA (TOCSY) (10), heteronuclear multiple quantum coherence correla-
quinone and NAcH, whereas the latter potential is sufficient to re- tion (HMQC) (11), and heteronuclear multiple-bond correlation
duce NADA quinone and any adduct quinone. The two working elec- (HMBC) (12) NMR experiments. Products were dissolved in 0.8 ml
trodes were arranged in a parallel configuration so that both electro- of either D2O or H2O:D2O (90:10). On one occasion, a product was

dissolved in 0.83 ml acetone-d6:D2O (80:3) in order to resolve the
aromatic 1H resonances. UV/vis spectroscopic measurements of the
reaction products in 0.01 M HCl were conducted using the HP 8452A4 Mention of a proprietary product does not constitute a recommen-

dation by the USDA. diode-array spectrophotometer with a 1.0-cm quartz cuvette. Cyclic
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58 XU ET AL.

FIG. 2. Spectral change associated with the reactions of 0.3 mM

NADA quinone with 50 mM NAcH at pH 7.0. Spectral measurements
were conducted at 15-s intervals from 15 to 600 s after mixing of the

FIG. 1. Cyclic voltammogram of 0.3 mM NADA in 0.4 M NAcH two solutions. Only every other spectrum is shown.
solution (pH 7.0). The scan was initiated in the positive-going direc-
tion from 00.2 V at a rate of 50 mV/s.

2. The absorbance at the lmax of the quinone, 396 nm,
decreases with time, whereas absorbances at 242 and
284 nm increase, indicating that consumption of thevoltammograms of NADA and reaction products in 0.1 M potassium

phosphate buffer (pH 7.0) were obtained using the BAS-100W elec- quinone and formation of a new product(s) occur.
trochemical system (scan rate: 200 mV/s). Rate constants for the reaction of NADA quinone

with NAcH were estimated on basis of the rate of de-
RESULTS crease in NADA quinone’s absorbance at 396 nm. The

dependence of the rate constant for the reaction ofStudies of the Reactions of NADA Quinone with
NADA quinone on quinone concentration was studiedNAcH
using solutions of 0.15, 0.3, 0.6, and 0.9 mM NADA

Cyclic voltammetry. The electrochemical behavior quinone in 200 mM NAcH at pH 7.0. As expected for a
of NADA in the presence of NAcH at pH 7.0 was studied pseudo-first-order reaction, the rate constant for the
using cyclic voltammetry. A voltammogram obtained NADA quinone reaction is independent of quinone con-
at a scan rate of 50 mV/s is shown in Fig. 1. In the first centration (data not shown). The dependence of the
cycle, the voltammogram of NADA consists of a single reaction rate on NAcH was also studied using 0.3 mM
anodic peak at 0.18 V for the two-electron oxidation of NADA quinone with 20, 50, 100, and 200 mM NAcH.
NADA to NADA quinone and a corresponding cathodic The results demonstrate that the pseudo-first-order
peak at 0.12 V for the reduction of NADA quinone to rate constant exhibits a linear dependence on the con-
starting material. In subsequent cycles, another redox centration of NAcH (Fig. 3). For 0.3 mM NADA quinone
couple appears at a potential that is 80 mV more posi-
tive than that for the NADA/NADA quinone couple. As
the scan number increases or as the scan rate de-
creases, the magnitudes of the peaks for this new cou-
ple increase at the expense of the peaks for the NADA/
NADA quinone couple. Since the new redox couple is
not formed when NAcH is absent, these results indicate
that NADA quinone undergoes a relatively slow chemi-
cal reaction with NAcH under these conditions to give
one or more products that are oxidized at more positive
potentials.

UV/vis spectroscopy. The kinetic behavior of NADA
quinone in NAcH solutions was studied spectroscopi-
cally under pseudo first-order conditions, i.e., the ana-
lytical concentration of NAcH was at least ten times
greater than that of the quinone. The spectral changes
that are associated with the reaction of 0.3 mM NADA FIG. 3. Pseudo-first-order rate constants of reactions of NADA qui-

none with NAcH at pH 7.0 as a function of NAcH concentration.quinone with 50 mM NAcH at pH 7.0 are shown in Fig.
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59REACTIONS OF DOPAMINE QUINONE WITH N-ACETYLHISTIDINE

NMR and MS Analyses of the Reaction Products

The purified reaction products NAcH-NADA-I and
NAcH-NADA-II were characterized by FAB-MS. Both
products have MH/ at m/z Å 391 (spectra not shown).
These results indicate that each of the products is a
mono-addition adduct of NAcH with NADA quinone
(theoretical m/z Å 391).

The structure of the NAcH-NADA-I adduct was eluci-
dated by 1D-1H and 13C NMR experiments, and 2D-
13C-1H HMQC and 1H-1H TOCSY NMR experiments
(Fig. 5). The chemical shift assignments are summa-
rized in Table I. The 1H resonance signal at 8.80 ppm
is assigned to H2* according to a NAcH spectrum pre-
viously reported in the literature (13). The doublet at
8.30 ppm is assigned to NH8* that is next to a CH and
resonates at a lower field than aromatic protons. The
broad peak at 7.85 ppm is assigned to NH9 that reso-
nates at a lower field than any of the aromatic protons.
NH8* at 8.30 ppm shows cross peaks at 3.35 and 3.15
ppm, respectively, in the 1H-1H TOCSY spectrum,
which indicates that one of the C(6*) protons, H6*a,
resonates at 3.35 ppm, and the other, H6*b, gives rise
to the resonance at 3.15 ppm. The 13C-1H HMQC spec-FIG. 4. LC-EC (oxidation) of the reaction mixture of NADA quinone
trum also confirms that the resonance of C6* (26 ppm)with NAcH. Mobile phase: 0–15 min, 20% B; 15–30 min, linear

gradient from 20 to 80% B. Flow rate, 1 ml/min. is connected to the 1H resonances at 3.35 and 3.15 ppm.
The 1H resonance of NH9 shows connectivities to those
at 3.15 and 2.50 ppm in the 1H-1H TOCSY spectrum.
This result, along with the fact that the {CH2{ reso-in 100 mM NAcH solution, values of 1.8 1 1003 s01 and
nances are shifted more to a lower field when they are1.8 1 1002 M01s01 were calculated for the pseudo-first-
proximal to an NH group than when they are next toorder and second-order rate constants, respectively.
a benzene ring, indicates that the chemical shifts atThe positive intercept is due to inherent slow reactions
3.15 and 2.50 ppm are due to H8 and H7, respectively.of NADA quinone with unidentified components of the
The aromatic region shows two singlets in the 1H spec-solvent electrolyte buffer system.
trum as well as three proton and three carbon reso-Analytical LC. A 100-ml aliquot of the solution ob-
nances in the HMQC spectrum. The 1H resonance attained from mixing 90 ml of 1 mM NADA quinone with
7.40 ppm shows connectivity to that of H2* at 8.80 ppm225 ml of 40 mM NAcH at pH 7.0 was analyzed by LC.
in TOCSY, which demonstrates that the peak at 7.40There were no discernible peaks in the LC-EC (reduc-
ppm is due to H5*. The 1H resonance signals at 6.90tion) chromatogram, which indicates that the quinone
ppm are due to two protons on the benzene ring. Theyhad been consumed quantitatively. The LC-EC (oxida-
are overlapped in the 1H spectrum, but are more re-tion) chromatogram is shown in Fig. 4. The principal
solved in the HMQC spectrum. In order to further as-product, NAcH-NADA-I, eluted at 7.8 min, while the
sign these two protons, an 1H experiment was con-second most prominent product, NAcH-NADA-II,
ducted in an alternative solvent containing 0.80 ml ace-eluted at 4.8 min. A minor unidentified product eluted
tone-d6 and 0.03 ml D2O. The two protons exhibitedat 6.2 min. The peak at 17.4 min is due to NADA.
two well-resolved singlets (6.90 and 6.92 ppm) in the 1HAnother chromatogram displaying absorbance at 280
spectrum obtained in the mixed acetone-d6/D2O solventnm as a function of elution time was extracted from UV/
(data not shown). Since neither o-coupling nor m-cou-vis spectra of the LC effluent of the reaction mixture at
pling patterns are observed, the resonances of 6.90 ppmpH 7.0 (data not shown). The relative yields of the two
in H2O/D2O are assigned to H2 and H5. The H7* reso-major products were estimated on the basis of their
nance was obscured in spectra obtained from sample280-nm chromatographic peak areas, assuming equal
dissolved in H2O, but did appear in spectra acquiredmolar absorption coefficients for the two products (vide
in D2O at 4.4 ppm (data not shown). Therefore, NAcH-infra). The relative molar ratio of NAcH-NADA-I to
NADA-I is a 6-addition adduct, 6-[N-(N-acetylhisti-NAcH-NADA-II is approximately 87:13. Semiprepara-
dyl)]-N-acetyldopamine (Scheme I).tive LC was performed to purify the two major prod-

ucts, which were white powders after lyophilization. The structure of NAcH-NADA-II adduct was also
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60 XU ET AL.

FIG. 5. 2D NMR spectra of NAcH-NADA-I obtained from the reaction of NADA quinone with NAcH. (A) 13C-1H HMQC NMR spectrum
(D2O); (B) 1H-1H TOCSY NMR spectrum [H2O:D2O (85:15)]. The strong peaks near 5 ppm are due to HOD.

elucidated by 1D-1H, 13C, DEPT NMR experiments, region, the NAcH group must be attached to the aro-
matic ring.and 2D 13C-1H HMQC, HMBC NMR experiments

(Fig. 6). These results are summarized in Table II. 13C and DEPT experiments were conducted to con-
firm that the N-acetylhistidyl moiety is not attachedSeveral proton resonance peaks in the 1H and 13C-

1H HMQC spectra of this adduct are present in pairs, to the NADA side chain aliphatic carbons. The DEPT
spectrum exhibits three 1807 out-of-phased signals,which may be due to a slow conformational change

in the structure over the NMR time scale. Since the demonstrating that three -CH2- groups are present in
the molecule, one of which is in the N-acetylhistidyl1H spectrum is quite complex, HMQC and HMBC

spectra were used to assign the structure (Figs. 6A moiety and two in the NADA side chain (data not
shown). These results confirm that the NAcH moietyand 6B). Three C-H connectivities are present in the

aromatic region of the HMQC spectrum, one of which is bound to the NADA aromatic ring.
The position of the NADA ring to which the N-must be due to C-H at the 5* position of the imidazole

ring and two of which must be due to two of the C- acetylhistidyl moiety is attached in NAcH-NADA-II
was assigned as follows. In the HMBC spectrum, H8H’s at the 2, 5, and 6 positions of the benzene ring.

Since the resonance signals do not overlap in this at 3.15 and 3.38 ppm exhibits connectivity with the

TABLE I

Chemical Shift Assignments and Connectivities Provided by the 2D NMR Experiments for NAcH-NADA-I

Proton NMR TOCSY connectivity
1H HMQC

d, ppm Peak typesa assignment connectivity d, ppm proton

8.80 s H2* 135 7.40 H5*
8.30 d NH8* — 3.35, 3.15 H6*a, H6*b
7.85 m NH9 — 3.15*, 2.50 H8, H7
7.40 s H5* 122 8.80 H2*
6.90 s H2, H5 117/114 — —
3.35 dd H6*a 26 8.30, 3.15 NH8*, H6*b
3.15 m H6*b 26 8.30, 3.35 NH8*, H6*a
3.15* m H8 39 7.85, 2.50 NH9, H7
2.50 m H7 29 7.85, 3.15 NH9, H8
2.00 s H11 22 — —
1.85 s H10* 22 — —

a s, singlet; d, doublet; m, multiplet; dd, doublet of doublet.
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61REACTIONS OF DOPAMINE QUINONE WITH N-ACETYLHISTIDINE

SCHEME I

carbon resonance at 129 ppm, which must be due to II is identified as the 2-addition adduct, 2-[N-(N-ace-
tylhistidyl)]-N-acetyldopamine (Scheme I).C1. The H7 proton at 2.35 and 2.56 ppm exhibits

three connectivities with aromatic carbon signals at UV/vis and Electrochemical Characterization of the
129, 124, and 115 ppm. Therefore, resonances at 124 Reaction Products
and 115 ppm are due to C2 and C6, respectively.

The two principal reaction products were also charac-Moreover, C7 at 29 ppm exhibits connectivity with
terized using UV/vis spectroscopy and cyclic voltamme-one rather than two aromatic protons. Since NAcH-
try (data not shown). The UV/vis spectra show thatNADA-I has already been identified as the C6 addi-
both adducts have the same lmax value at 284 nm,tion adduct, the proton at 7.02–7.04 ppm must be
whereas CV data demonstrate that both adducts aredue to H6 and the N-acetylhistidyl moiety must be more difficult to oxidize than NADA. The data from theattached to C2. This conclusion is corroborated by characterization of these adducts are summarized inthe fact that H6 shows connectivity with C2 at 124 Table III.

ppm in the HMBC spectrum, whereas C2 exhibits no
DISCUSSIONconnectivity with any proton in the HMQC spectrum.

The COSY-LR spectrum is consistent with this as- Two major products were obtained from the reactions
of NADA quinone with NAcH at pH 7.0 (Scheme I).signment (data not shown). Therefore, NAcH-NADA-
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62 XU ET AL.

FIG. 6. 2D NMR spectra (D2O) of NAcH-NADA-II obtained from the reaction of NADA quinone with NAcH. (A) 13C-1H HMQC NMR
spectrum; (B) 13C-1H HMBC NMR spectrum.

The most abundant product is 6-NAcH-NADA, which a b-side chain adduct was detected, which the authors
suggested arose from the p-quinone methide intermedi-is the Michael 1,4-addition adduct of NADA quinone

at C6 of the ring. The second major product is 2-NAcH- ate (2). However, no side-chain addition adduct was
detected in our system. The results indicated that (1)NADA, the Michael 1,6-addition adduct of NADA qui-

none at C2 of the ring. The detection of 6-NAcH-NADA spontaneous tautomerization of o-quinone to p-quinone
methide does not occur under our conditions and (2) anis consistent with a previous study where NADA was

mixed with NAcH in the presence of insect cuticle dis- enzyme, quinone–quinone methide isomerase, would
be needed to convert the quinone to its quinone methidesected from late fifth instar larvae of H. cecropia (2).

In that study, the 2-NAcH-NADA adduct was not de- isomer for b-carbon addition if it were to occur.
It is worthwhile to compare this system with a pre-tected in the cuticle-catalyzed coupling study (2). How-

ever, because C2 is more sterically hindered, which is viously investigated system in which reactions of dopa-
consistent with its NMR peak splitting, the 2-adduct mine (DA) quinone with another protein model nucleo-
might not be produced to a significant extent under the phile, N-acetylcysteine (NACySH), yielded C2 and C5
conditions used (2). In the NADA-NAcH-cuticle system, mono-addition adducts as well as a C2, C5 di-addition

adduct (14). First, no di-addition adducts were identi-
fied in the current system. This result is consistent
with the observation that the mono-addition N-acetyl-TABLE II
histidyl adducts are oxidized at 80 to 100 mV moreChemical Shift Assignments and Connectivities Provided
positive potentials than NADA, which means that for-by the 2D NMR Experiments for NAcH-NADA-II
mation of a di-NAcH-adduct is not favored under our
reaction conditions. Presumably, if electrolysis wereHMBC connectivityProton HMQC

NMR 1H connectivity performed continuously, or if oxidation were carried
d, ppm assignment d, ppm d, ppm carbon out either enzymatically or with an excess of chemical

oxidant, then the mono-NAcH-NADA adducts would be
8.50 H2* 136 — —

oxidized and a di-addition adduct subsequently would7.38, 7.32 H5* 120 136, 132 C2*, C4*
be produced. In contrast, mono-addition N-acetylcystei-7.06 H5 117 143 C3

7.04, 7.02 H6 115 144, 129, C4, C1, nyl adducts of DA quinone are oxidized more readily
124, 29 C2, C7 than DA (14). This results in oxidation of the mono-

4.34, 4.28 H7* 54 — — addition adduct by unreacted DA quinone, which3.38, 3.15 H8 39 174, 129, 29 C10, C1,
causes the mono-addition adduct quinone and DA toC7
be formed. This mono-addition adduct quinone then3.06, 2.82 H6* 26 132, 54 C4*, C7*

2.56, 2.35 H7 29 129, 124, C1, C2, reacts with the NACySH nucleophile that is present in
115, 39 C6, C8 large excess to form the di-adduct, 2,5-di-NACyS-DA.

1.92 H11/H10* 22 174 C10/C9*
Second, the principal nucleophilic attacks occur at dif-
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TABLE III

Characteristic Data of NADA and Its NAcH Adducts

UV: lmax CV: Epa, Epc

Compounda MWb R.T. (min)c Rel. yieldd (loge)e (mV) f

NADA 195 17.4 na 280 (3.38) 220, 95
6-NAcH-NADA 390 7.8 87% 284 300, 170
2-NAcH-NADA 390 4.8 13% 284 (3.46) 340, 170

a See Scheme I for structures of the adducts.
b The molecular weights were determined using FAB-MS.
c Retention times were obtained from the LC-EC chromatogram of the reaction mixture at pH 7.0 (Fig. 4).
d The relative yields of the two major products were estimated based on their peak areas in the LC-UV/vis chromatogram (not shown) of

the reaction mixture at pH 7.0 (assuming comparable molar absorption coefficients).
e UV/vis spectra of products were obtained during LC analysis. Molar absorption coefficients were obtained in 0.01 M HCl. The molar

absorption coefficient of 6-NAcH-NADA was not measured.
f Cyclic voltammetric data were obtained on a 7.1-mm2 glassy carbon electrode at a scan rate 200 mV/s in 0.1 M phosphate buffer at pH

7.0.

ferent positions of the ring in these systems. The actual dues in the cuticular proteins that act as nucleo-
philes for the quinones have not been directly identi-cause of the regioselectivity is unclear, although sev-

eral hypotheses have been proposed (15, 16). Third, the fied (1). Because the occurrence of cysteine in cuticu-
lar proteins is rare, histidyl and lysyl residues arereaction of DA quinone with NACySH is at least 106

times faster than the reaction of NADA quinone with apparently more likely to be nucleophiles and, in-
deed, those residues have been implicated by solidNAcH, which is based on the estimate of the second

order rate constants of these systems at neutral pH state NMR evidence (4, 5). Results obtained from
this study provide additional evidence supporting(14). Fourth, C2-addition adducts are formed in both

systems, which indicates that C2 of the ring in both the hypothesis that histidyl residues in the cuticular
proteins serve as the primary group of nucleophilesDA and NADA quinone is readily accessible to both

nucleophiles. for quinonoid intermediates during cuticle scleroti-
zation.It has been proposed in the literature that catechola-

mine quinones can cross-link two cuticular protein mol-
ecules either via C6 of the aromatic ring and the b- ACKNOWLEDGMENTS
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